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Highlights 
 
? Anaphase I defects are markedly increased during female reproductive 
ageing. 
? Chromosome associated cohesin is reduced in oocytes of aged 
females. 
? Bivalent structure is disrupted in association with age related loss of 
cohesin. 
? The cohesin-protector Sgo2 is also depleted during female ageing. 
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Summary 45 
Background: The growing trend for women to postpone childbearing has resulted in 
a dramatic increase in the incidence of trisomic pregnancies.  Maternal age-related 
miscarriage and birth defects are predominantly a consequence of chromosome 
segregation errors during the first meiotic division (MI), which involves the 
segregation of replicated recombined homologous chromosomes. Despite the 50 
importance to human reproductive health, the events precipitating female age-related 
meiotic errors are poorly understood.  
Results: Here, we use a long-lived wild-type mouse strain to show that the ability to 
segregate chromosomes synchronously during anaphase of MI declines dramatically 
during female ageing. This is preceded by depletion of chromosome-associated 55 
cohesin in association with destabilization of chiasmata, the physical linkages 
between homologous chromosomes, and loss of the tight association between sister 
centromeres. Loss of cohesin was not due to an age-related decline in the ability of the 
spindle checkpoint to delay separase-mediated cleavage of cohesin until entry into 
anaphase I. However, we found that reduced cohesin was accompanied by depletion 60 
of Sgo2, which protects centromeric cohesin during MI.  
Conclusions: The data indicate that cohesin declines gradually during the long 
prophase arrest that precedes MI in female mammals. In aged oocytes, cohesin levels 
fall below the level required to stabilize chiasmata and to hold sister centromeres 
tightly together leading to chromosome missegregation during MI. Cohesin loss may 65 
be amplified by a concomitant decline in the levels of the centromeric cohesin 
protector Sgo2. These findings indicate that cohesin is a key molecular link between 
female ageing and chromosome missegregation during MI.  
 
70 
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Introduction 
The formation of haploid gametes from diploid progenitors requires a specialized 
form of cell division, known as meiosis, in which two rounds of chromosome 
segregation follow a single round of DNA replication. The first, or reductional, 
division (MI) halves the number of chromosomes through the segregation of 75 
recombinant maternal and paternal homologous chromosomes, while sister 
chromatids disjoin in the second, equational, division (MII). In humans, the frequency 
of meiotic segregation errors increases as women age, resulting in a dramatically 
increased incidence of miscarriage and birth defects, notably Down's syndrome 
(trisomy 21) after the age of  ~35 years [1].  Indeed, the incidence of Down's 80 
syndrome pregnancy has increased by 71% in association with increased maternal age 
during the past 20 years [2].  While it is known that the majority of meiotic 
segregation errors arise during MI [1], the primary causes and the biological basis for 
their association with female age are unknown.  
 85 
Proper segregation of homologous chromosomes depends on two processes unique to 
MI [3]: first, maternal and paternal homologs undergo reciprocal recombination 
between non-sister chromatids to generate crossovers [4]. In the resulting structures, 
known as bivalent chromosomes, recombined homologs are linked by chiasmata 
which correspond to the site of crossovers, and are stabilized by sister chromatid 90 
cohesion on chromosome arms [3, 5]. Segregation of homologs also requires that 
kinetochores on sister chromatids attach to microtubules emanating from the same 
spindle pole [6, 7]. Monopolar kinetochore-microtubule attachment of sisters requires 
close apposition of sister centromeres, which depends on centromeric cohesion and 
 5 
additional factors, which are known as monopolins in yeast [8, 9] but have not yet 95 
been identified in mammals.  
 
A single chiasma can connect all four chromatids of a bivalent because sister 
chromatids have been linked to each other previously during DNA replication by 
cohesin complexes. Cohesin holds sister chromatids together by entrapping them 100 
within a tripartite ring formed between two SMC subunits and an alpha-kleisin protein 
[10]. Cohesin in meiotic cells differs from its mitotic counterpart by several meiosis-
specific subunits, most notably the alpha-kleisin Rec8 [11-13] and, in mammals, 
Smc1? [14, 15].  Homolog disjunction during anaphase of MI is triggered by 
resolution of chiasmata which requires removal of cohesin from chromosome arms by 105 
separase, a protease that cleaves the kleisin subunit [16-18]. As in mitosis, activation 
of separase depends on the degradation of its inhibitors securin and cyclin B [19, 20], 
which is triggered by a ubiquitin ligase known as the anaphase-promoting complex or 
APC/C [20]. Degradation of securin and cyclin B is controlled by the spindle 
assembly checkpoint [20-23], which inhibits the APC/C in the presence of unattached 110 
kinetochores [24].  Cohesin at the centromeres persists until MII [16, 17] where it 
serves to bi-orient sister chromatids in preparation for the equational division. 
Protection of centromeric cohesin from separase during anaphase of MI depends on 
orthologues of the Drosophila Mei-S332 protein [25], called Shugoshins [26]. For 
instance, oocytes lacking Sgo2 cleave arm and centromeric cohesin in meiosis I 115 
leading to premature separation of sisters [27, 28]. Interestingly, mammalian 
shugoshin orthologues also protect centromeric cohesin from removal by a separase-
independent mechanism known as the prophase pathway, which removes the majority 
of arm cohesin during prophase and prometaphase in somatic cells [29].  It is not 
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known, however, whether a similar mechanism operates during meiosis. Maintaining 120 
the integrity of cohesion during prophase is a particularly challenging task during the 
extraordinarily protracted process of mammalian female meiosis [30], in which 
chiasmata are formed during fetal development and are not resolved until shortly 
before ovulation occurs in the sexually mature female.  
 125 
A number of considerations make cohesin a strong candidate for a key factor in the 
maternal age-related increase in meiotic segregation errors.  First, cohesin is essential 
for stabilizing chiasmata and thereby for the integrity of bivalents. Second, at least in 
proliferating yeast cells, only cohesin loaded during DNA replication is able to 
support cohesion between sister chromatids [31, 32]. If this also applies to human 130 
oocytes, then the cohesin complexes loaded during fetal development would be 
essential for chromosome segregation decades later.  Thirdly, oocytes of mice lacking 
the meiosis-specific cohesin subunit SMC1??????, show a progressive loss of bivalent 
integrity during female ageing [33]. Similar findings were reported from a study of 
cohesin-deficient Drosophila oocytes [34]. Importantly, however, it remains unclear 135 
whether cohesin function declines with increasing age in wild-type animals and 
healthy women. 
 
To address this question, we have analyzed oocytes from a long-lived mouse strain 
which is free of specific pathologies [35]. Our data indicate that female aging is 140 
characterized by depletion of cohesin, which destabilizes chiasmata and induces loss 
of the tight association between sister centromeres resulting in major anaphase defects 
during MI.  Loss of cohesin during female ageing was not due to defective spindle 
checkpoint function but was associated with reduced levels of Sgo2.  
145 
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Results 
Meiotic progression and chromosomal aberrations in oocytes of aged mice 
To investigate the maternal age effect in a wild-type mouse, we performed live-cell 
imaging to monitor chromosome dynamics in oocytes from an aged mouse colony of 
the C57BL/Icrfa
t
 strain, which is free of specific pathologies and is relatively long-150 
lived (mean female age at death: 25±0.35 months) [35]. Female fertility in this strain 
declines significantly after 8 months and females are mostly sterile by 12 months. 
However, sporadic litters have been recorded up to 16 months [35]. Consistent with 
the decline in fertility, the number of oocytes harvested from antral follicles after 
superovulation was significantly reduced in 14 month compared with 2 month old 155 
females (Figure S1A).  Surprisingly, the proportion of oocytes that progressed from 
prophase of MI, known as the germinal vesicle (GV) stage, to MII arrest was 
significantly higher in 14 month females (Figures 1A and S1B).   However, the 
majority of 14 month oocytes failed to segregate their chromosomes synchronously 
resulting in a high incidence of lagging chromosomes and chromosome bridging 160 
during anaphase of MI.  
 
Analysis of anaphase defects in all oocytes in which anaphase could be clearly 
visualized (n=19), showed that despite undergoing largely normal alignment in the 
image preceding anaphase (Figures 1B, 1C, S1C and S1D, Movie S1 Parts 1 and 3), 165 
the majority of aged oocytes showed anaphase defects ranging in severity from a 
single lagging chromosome to severe anaphase bridges (Figures 1B and S1D; Movie 
S1 Parts 2 and 3). This was followed by severe misalignment at MII in the majority of 
aged oocytes (Figures 1B, 1C, S1D; Movie S1 Parts 2 and 3).  Because chromosomes 
move in and out of focus it was not possible to track all events in all oocytes. 170 
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However, analysis of a subset of oocytes in which chromosomes could be tracked 
from congression to anaphase of MI and realignment at MII (Figure 1D), showed that 
chromosome congression and migration to the oocyte cortex occurred normally in the 
majority (17/19) of oocytes from 14 month old mice. This indicates that the F-actin-
based mechanism responsible for their translocation [36-38] did not deteriorate during 175 
female ageing. The interval from GVBD to anaphase was significantly longer 
(P<0.05) in oocytes from 14 month old mice (Figure 1E). This was due to a prolonged 
interval from congression to anaphase rather than to delayed congression (Figures 1F 
and 1G). Severe anaphase defects in association with retraction of the polar body were 
observed in 4 oocytes in which anaphase was delayed by an extended period (Figure 180 
1D).  However, anaphase defects were also observed in oocytes that underwent 
homologue disjunction within the normal timeframe (Figure 1D).  
 
Consistent with the largely normal congression of chromosomes during MI, live-cell 
imaging of oocytes co-expressing H2B-RFP and ??Tubulin-GFP revealed that young 185 
and aged oocytes assembled a bipolar spindle during MI (Movie S1 Parts 5 and 6). 
However, we found that misalignment of chromosomes during MII was accompanied 
by a progressive loss of spindle organization (Figure S1E; Movie S1 Part 6). We do 
not believe that this was due to a general age-related deterioration of cytoskeletal 
function as the MI spindle remained stable, even during prolonged arrest in MI 190 
(Movie S1 Part 7), indicating that the spindle defect was specific to MII. Thus, the 
anaphase defects observed during MI were likely due to a failure of aged oocytes to 
either establish or maintain normal bi-orientation of bivalents despite assembly of a 
bipolar spindle. In support of this, formation of the MI bipolar spindle and 
chromosome congression occur independently of bivalent bi-orientation in mouse 195 
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oocytes [39]. The anaphase defects together with the presence of precociously 
separated chromatids, which were seen in 13/14 MII oocytes from aged mice 
compared with none in oocytes (n=8) from 2 month old mice (Figures S1F), are 
consistent with a failure to establish or maintain monopolar kinetochore-microtubule 
attachment of sisters, which is required for bi-orientation of homologs.   200 
 
Cohesin is reduced on arms and at centromeres in oocytes of aged mice  
Having established that the C57BL/Icrfa
t
 strain exhibits a marked maternal age effect, 
we next determined whether female ageing is accompanied by depletion of cohesin. 
Immunofluorescence labeling of the cohesin subunit Rec8 during prometaphase I 205 
(GVBD + 5-6 hours) revealed markedly reduced levels on chromosomes of 14 month 
mice (Figure 2A). Rec8 was largely absent from chromosome arms; notably the 
intense Rec8 staining in the peri-centromeric region in 2 month oocytes was not 
detected in 14 month oocytes (Figure 2A).  To determine whether Rec8 was 
specifically reduced at centromeres we compared the Rec8:CREST fluorescence 210 
intensity ratio between the two age groups. This revealed significantly reduced co-
localization of Rec8 with CREST foci in oocytes of 14 month old mice (P<0.001; 
Figure 2B).  Thus, these findings indicate that reproductive ageing is associated with 
depletion of cohesin on chromosome arms and at centromeres.   
 215 
To test the idea that cohesin is depleted during the extended prophase arrest of 
oocytes from 14 month old mice, we compared the levels of immuno-detectable Rec8 
in the nuclei of GV stage oocytes from young and aged females.  As with 
prometaphase oocytes, GV oocytes were spread on paraformaldehyde-coated slides. 
These experiments indicated that localization of cohesin to DNA in prophase-arrested 220 
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oocytes is reduced in oocytes of aged mice (Figure 2C). This was the case for fully 
grown GV stage oocytes from pre-ovulatory follicles, and for oocytes from pre-antral 
follicles (Figure 2D), indicating that depletion of cohesin occurs at all stages of oocyte 
growth. Our data raise the possibility that cohesin loss during the prolonged prophase 
arrest of aged oocytes is responsible for the observed age-related chromosome 225 
segregation defects during anaphase of MI. 
 
The age-related cohesin deficiency is associated with disruption of bivalent 
structure 
As arm cohesin is required to stabilize chiasmata, we asked whether reduced cohesin 230 
in oocytes of aged mice was associated with premature loss of the physical linkages 
between homologs. Analysis of chromosome spreads during prometaphase I (GVBD 
+5 hr) indicated that complete separation of homologs is rare in aged oocytes as we 
did not observe univalents. However, distally associated homologs without a visible 
chiasma were prevalent in the 14 month old oocytes (Figure 3A). Classification of 235 
bivalents according to the number of visible chiasmata indicated that aged oocytes 
contained an increased proportion (P<0.001) of distally associated homologs 
compared with oocytes from young mice (Figure 3B). This was accompanied by a 
significant decline in the proportion of bivalents with a single chiasma (P<0.001). The 
proportion of bivalents with multiple chiasmata was not different between the two age 240 
groups (Figure 3B). The disproportionate decline in single chiasmate bivalents 
suggests that they were selectively destabilized.  In support of this, oocytes lacking 
the meiotic cohesin subunit SMC1? show a prevalence of distally associated 
homologs during prometaphase despite having no skew in sites at which crossovers 
were formed in early prophase [33].  Crucially, this effect was amplified during 245 
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prolonged prophase arrest and during progression though prometaphase [33].  Thus, 
our findings together with those in SMC1?-/- oocytes indicate that destabilization of 
chiasmata in association with cohesin depletion is a general feature of female ageing. 
According to our current understanding, bivalents whose integrity is compromised by 
destabilization of chiasmata would be unable to establish the tension required for 250 
stable bi-orientation of homologues. 
 
It was evident from the CREST staining that the close apposition of sister 
centromeres, which is required for the establishment of monopolar kinetochore-
microtubule attachment of sisters [6, 7], was also disrupted in oocytes from aged 255 
mice. While CREST antiserum, which recognizes the centromeric proteins CENP-A, 
CENP-B and CENP-C [40], stained single foci in 90% of MI centromeres in oocytes 
from young mice, this was the case in only 32% of centromeres in oocytes of 14 
month old mice (Figures 3C and 3D). The remainder appeared as two separate but 
adjacent foci, or as two well-separated foci (Figures 3C and 3D). Consistent with this, 260 
we found that the distance between sister centromeres was significantly increased in 
oocytes from 14 month mice compared with those from the younger females (Figure 
3E). Moreover, the Rec8:CREST fluorescence intensity ratio in aged oocytes was 
negatively correlated with the distance between sister centromeres (Figure 3F). On the 
basis of these findings, we propose that depletion of centromeric cohesin impairs the 265 
ability to establish and maintain monopolar sister kinetochore-microtubule 
attachments leading to bipolar attachment and splitting of sister centromeres.  The 
counteracting forces of microtubules pulling sister centromeres towards opposite 
poles and the protective effect of residual Sgo2 on cohesin remaining at centromeres 
until entry into anaphase provides a plausible explanation for the prevalence of 270 
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anaphase defects in aged oocytes.  In support of this, splitting of sister centromeres in 
association with bipolar attachments and lagging chromosomes has been observed in 
mouse oocytes containing a small number of univalent chromosomes [41].  It is 
conceivable that the more severe anaphase defects observed in oocytes from aged 
mice were caused by bipolar attachment of sisters from intact bivalents. In this regard, 275 
it is notable that disruption of sister centromere geometry was more prevalent than 
loss of bivalent integrity in aged oocytes (compare Figures 3B and 3C).    
 
To determine whether inter-centromere distance increased progressively during 
prophase, we performed a series of experiments to compare the distance between 280 
sister centromeres in oocytes from 2, 8, 11, and 14 month old oocytes during 
prometaphase (GVBD + 5 hr). This indicated that the distance between sister 
centromeres increases with age but that the difference does not increase significantly 
after 11 months. These findings are consistent with C57BL/Icrfa
t
 females being 
largely sterile by 12 months and indicate that progressive disruption of bivalent 285 
structure due to gradual loss of cohesin during prophase arrest is a defining feature of 
female reproductive ageing.  
 
Cohesin depletion in aged oocytes is spindle checkpoint-independent   
What might be the mechanistic basis of the age-related depletion of Rec8? 290 
Homologue disjunction in mouse oocytes requires degradation of securin and cyclin B 
[19, 20] under the control of the spindle checkpoint [20, 21], leading to cleavage of 
Rec8 by separase [17]. Thus, age-related deterioration of spindle checkpoint function 
leading to premature activation of separase could contribute to the reduced levels of 
chromosome-associated cohesin. Functional disruption of the spindle checkpoint in 295 
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mouse oocytes results in accelerated polar body formation [20-23], premature 
degradation of the APC/C substrates cyclin B and securin [20, 21], and failure to 
inhibit their degradation in the presence of the microtubule-depolymerising drug 
nocodazole [20, 21, 23, 42].  Consistent with the data shown in Figure 1D, polar body 
formation did not occur prematurely in oocytes of aged females (Figure 4A). 300 
Furthermore, live-cell imaging of oocytes injected with securin-YFP mRNA revealed 
no difference in the interval from GVBD to the onset of securin degradation between 
young and aged oocytes (Figure 4B and 4C). In addition, we found that aged oocytes 
did not degrade cyclin B-GFP in response to nocodazole-induced spindle damage 
(Figure 4D). Consistent with a previous report [43], these data indicate that the 305 
spindle checkpoint in oocytes is not compromised by female ageing. We conclude 
that premature activation of separase due to defective spindle checkpoint function 
does not contribute to the age-related cohesin deficiency.  
 
Sgo2 is depleted in oocytes of aged mice 310 
In somatic cells, the bulk of cohesin is removed from chromosome arms during 
prophase and prometaphase by a separase-independent mechanism called the 
prophase pathway [44].   Given the extended duration of prophase arrest during 
female reproductive ageing, unbridled activity of a mechanism analogous to the 
prophase pathway could account for the cohesin deficiency in oocytes of aged mice. 315 
Indeed, SMC1?-/- oocytes show progressive loss of bivalent integrity during the 
prolonged prophase arrest and during progression through prometaphase [33], 
indicating that non-SMC1??containing complexes are vulnerable to removal during 
prophase and prometaphase. However, our finding that cohesin was reduced at 
centromeres of aged oocytes argues against a meiotic equivalent of the prophase 320 
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pathway being the sole mechanism of cohesin depletion as centromeric cohesin is 
protected from the prophase pathway by a Sgo-dependent mechanism in somatic cells 
[28, 45, 46]. We asked, therefore, whether Sgo2, which protects centromeric cohesin 
during anaphase I in mouse oocytes [28], is reduced in aged oocytes. Sgo2 was 
detectable by immunolabeling on chromosome arms as well as at centromeres (Figure 325 
5A).  Localization of Sgo2 to chromosome arms, which has not previously been 
reported, did not appear to be due to non-specific binding of the antibody, as no signal 
was detected on chromosomes of oocytes injected with Sgo2 siRNA (Figure S2A).  
While Sgo2 was detectable in oocytes from 14 month old mice, the signal was 
reduced compared with the 2 month old group (Figures 5A and 5B).  These data, 330 
together with the reduced cohesin levels in oocytes of aged mice, raise the possibility 
that Sgo2, whose known function is to protect centromeric cohesin from separase-
mediated cleavage during anaphase of MI [28], may also have a role in protecting 
cohesin before the onset of anaphase.   
 335 
Next, we asked whether Sgo2 is recruited to chromosomes in prophase or in 
prometaphase. Immunolabeling of fully grown prophase-arrested oocytes using the 
same spreading technique as for prometaphase oocytes, indicated that Sgo2 is 
predominantly localized to the nucleolus and that the level of co-localization with 
DNA or CREST is very low (Figure S2B). Thus, Sgo2 is unlikely to be involved in 340 
protecting cohesin during the prolonged prophase arrest of aged oocytes. However, 
we cannot rule out the possibility that Sgo2 may localize to chromosomes at an earlier 
stage of prophase. Nonetheless, it can be concluded that recruitment of Sgo2 to 
chromosomes increases during late prophase/prometaphase.  
 345 
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To determine whether the reduced levels of chromosome-associated Sgo2 in aged 
oocyte was a consequence of reduced cohesin, we performed immunolabeling of 
chromosome spreads prepared from SMC1?-/- oocytes. Analysis of prometaphase 
chromosomes (GVBD + 5 hr) indicated that oocytes lacking SMC1??had reduced 
levels of chromosome-associated Sgo2 (Figure 5C and 5D).  This indicates that 350 
recruitment or retention of Sgo2 is influenced either directly or indirectly by the level 
of cohesin in mouse oocytes and is consistent with findings in maize meiosis [47]. We 
propose that depletion of cohesin during the extended prophase of aged oocytes 
results in reduced recruitment or retention of Sgo2, which is in turn likely to amplify 
loss of cohesin during prometaphase.  355 
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Discussion  
Despite the long established association between advanced maternal age and the 360 
incidence of trisomy, the molecular link between female age and germ line genomic 
instability has remained elusive. Many mechanisms have been proposed and these can 
be broken down into two general categories: (i) a decline in a large number of 
different processes including metabolic capacity and cytoskeletal function leading to a 
???????????????????????????????????????????????????an age-dependent decline in a process 365 
specifically required for chromosome segregation. Here we use oocytes of a long-
lived, non-mutant mouse model to identify the events involved in female age-related 
chromosome missegregation. Using live-cell imaging, we show that female ageing is 
characterized by a dramatic decline in the ability to orchestrate synchronous 
segregation of homologs during MI. This was preceded by depletion of chromosome-370 
associated cohesin. Our data indicate that the age-related loss of cohesin is 
accompanied by destabilization of chiasmata and loss of the tight association between 
sister centromeres, both of which contravene the structural requirements for bivalents 
to establish stable bi-orientation of homologous chromosomes [3]. Importantly, our 
findings indicate that cohesin depletion occurs during the prolonged prophase arrest 375 
of oocytes from aged females. However, we found that Sgo2, which appears not to be 
recruited to chromosomes until late prophase/prometaphase, is also reduced in 
oocytes from aged mice.  This is likely to be a consequence of reduced cohesin as 
oocytes lacking the cohesin subunit SMC1? were also found to have reduced levels of 
Sgo2.  Thus, our data support a model in which depletion of cohesin during the 380 
extended prophase arrest gives rise to reduced recruitment of Sgo2, which in turn may 
amplify loss of cohesin during prometaphase. We propose that this results in depletion 
of cohesin below a threshold level required to stabilize chiasmata and to hold sister 
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centromeres tightly together, both of which are essential for normal segregation of 
homologs during anaphase of MI.  385 
Our findings indicate that the spindle instability observed during MII in aged oocytes 
is not due to a general age-related deterioration of cytoskeletal function, as the MI 
spindle was stable even during prolonged periods of MI arrest. Furthermore, there was 
no obvious impairment of the F-actin-based mechanism [36-38] that moves the 
spindle to the oocyte cortex. We also found that congression of chromosomes on the 390 
MI spindle was largely normal in aged oocytes. Together, these observations argue 
against the maternal age-related meiotic segregation errors being the result of a 
gradual accumulation of age-related defects in organelle synthesis/turnover and 
bioenergy production that drive ageing in somatic tissues [48].  Given that loss of 
cohesin is sufficient to explain the observed disruption of bivalent structure and 395 
anaphase I aberrations, our data together with findings in mutant mouse strains [33, 
49] and Drosophila oocytes [34] identify cohesin as a prime candidate for the 
molecular link between female ageing and chromosome miss-segregation during MI.  
 
A key question in understanding the primary causes of age-related cohesin depletion 400 
is whether the maintenance of cohesion depends on ongoing turnover and 
replenishment of cohesin complexes or is mediated solely by cohesin complexes 
loaded in S-phase as is the case in proliferating yeast cells [31, 32].  If the latter is 
true, then what mechanisms might be responsible for the remarkable feat of ensuring 
that cohesin complexes loaded in the pre-meiotic S-phase remain intact from fetal life 405 
until the oocyte is ovulated? It is conceivable that the age-related depletion of cohesin 
could be due to a decline in the function of cohesin subunits, for instance by oxidative 
damage. Alternatively, a gradual loss of cohesin during prophase might be due to 
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deterioration of mechanisms protecting cohesin from premature removal from 
chromosomes. Cohesin might be removed by a low background activity of either 410 
separase or a meiotic equivalent of the prophase pathway. Cohesion depletion in aged 
oocytes could be explained simply by the extended duration of exposure to such an 
activity. Our findings indicate that this may have a self-amplifying effect by reducing 
the recruitment or retention of Sgo2 during prometaphase.  
 415 
Our finding that reduced cohesin was associated with loss of the closely apposed 
structure of sister centromeres in association with the observed anaphase defects 
indicates that aberrant kinetochore-microtubule attachments were prevalent and 
escaped detection in oocytes of aged mice. How can this be reconciled with the 
finding that oocyte spindle checkpoint function was not affected by female ageing?  420 
First, prometaphase was prolonged in a proportion of aged oocytes and this was 
frequently associated with more severe anaphase defects. This may have been due to 
inhibition of anaphase onset by the spindle checkpoint until sufficient tension could 
be generated through the establishment of kinetochore-microtubule attachments.  
Second, evidence from studies in oocytes of Sycp3
-/-
 mice indicates that univalent 425 
chromosomes evade the spindle checkpoint by satisfying its requirement for tension 
and attachment through the establishment of bipolar attachments of sisters [41]. Thus, 
the oocyte spindle checkpoint, although functional in other respects [20-23, 42], is not 
equipped to enforce monopolar attachment of sisters during MI.  In the absence of a 
checkpoint mechanism to deter the formation of bipolar sister attachments, it can be 430 
concluded that the ability of oocytes to orchestrate the reductional division is heavily 
reliant on the close apposition of sister centromeres.  Consistent with findings in 
fission yeast [50], our data indicate that Rec8 serves this function in mammalian 
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oocytes and that reduced Rec8 at centromeres in aged mice makes it difficult to 
maintain or establish the monopolar sister kinetochore-microtubule attachments 435 
required for normal bi-orientation and segregation of homologs.     
 
While our interpretation of the data centers on progressive loss of cohesin during 
prolonged prophase arrest resulting in disruption of bivalent structure, it could be 
argued that the prevalence of meiotic defects in oocytes of older females can be 440 
explained by a "bottom of the barrel" effect in which inherently defective oocytes are 
not selected for growth/ovulation until late in the reproductive lifespan. In the context 
of our data, a prediction of this hypothesis is that oocytes remaining in the ovary at 
the end of the reproductive lifespan would have loaded less cohesin during pre-
meiotic S-phase compared with those ovulated early in the reproductive lifespan. This 445 
prediction is difficult to test; however, we believe it to be implausible on the basis that 
Rec8 has a conserved role in ensuring reciprocal recombination between homologous 
non-sisters [51] and that absence of Rec8 is not compatible with survival of oocytes 
beyond early prophase [51]. Thus, oocytes entering meiosis with reduced levels of 
Rec8 would most likely not survive and/or would show a global reduction in the 450 
number of chiasmata rather than the selective reduction in single chiasmate bivalents 
observed here.  We therefore favor the hypothesis that the increased incidence of MI 
segregation errors is due to depletion of cohesin during the prolonged period of 
prophase arrest, which may be coupled with accelerated loss of cohesin during 
prometaphase due to reduced Sgo2.  455 
 
Finally, the prevalence and severity of the age-related meiotic defects reported here 
most likely represent the extreme end of the spectrum as C57BL/Icrfa
t
 females are 
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largely sterile by 12 months [35]. However, our findings of precocious separation of 
homologs and sister chromatids together with spindle instability at MII are consistent 460 
with the reported age-related defects in human oocytes [52-54]. In addition, the 
selective destabilization of single chiasmate homologs observed in oocytes of aged 
mice provides a mechanistic insight into clinical data showing that normal children 
born to older mothers have an increased frequency of maternal crossovers [55].  As 
bivalents with high levels of crossovers would be better equipped to withstand the 465 
destabilizing effect of cohesin depletion during female ageing, the risk of 
missegregation would be reduced, thereby increasing the probability of establishing a 
normal pregnancy.  On the other hand, it is likely that destabilization of susceptible 
bivalents together with impaired monopolar attachment of sister kinetochores 
contributes to female age-related infertility by inducing severe anaphase defects. 470 
Embryos arising from such oocytes would likely undergo developmental arrest before 
implantation due to grossly abnormal chromosome constitutions.   
 
 
475 
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Experimental Procedures 
Mouse Strains 
Mice were obtained from a long-established colony of the C57BL/ Icrfa
t
 strain, which 
had been selected for use in studies of intrinsic ageing because it is free from specific 480 
age-associated pathologies and thus provides a good general model of ageing [35].  
Generation of ?????-/- mice has been described previously [15].  The work licensed 
by the UK Home Office.  
 
Isolation and culture of prophase-arrested oocytes 485 
Prophase-arrested oocytes were harvested from excised ovaries of females primed 
with an injection of PMSG (7.5 i.u., Sigma Aldrich, UK).  Antral follicles were 
punctured using sterile insulin needles in M2 medium (Sigma Ltd) supplemented with 
0.044µg/ml IBMX (Sigma Aldrich, UK) prior to in vitro culture for chromosome 
spreads or mRNA injections, or 0.011 µg/ml IBMX and 0.011 µg/ml cAMP prior to 490 
siRNA injections. The oocytes were placed in droplets of the same medium for 
injection.  For preparation of chromosome spreads the oocytes were transferred into 
IBMX-free G-IVF medium for in vitro culture. Following mRNA injection, oocytes 
were transferred into IBMX-supplemented G-IVF medium (Vitrolife, Sweden) where 
they remained for 2-3 hours before being placed in IBMX-free G-IVF medium for 495 
timelapse imaging or in vitro culture prior to preparation of chromosome spreads.  
Following siRNA injection, oocytes were transferred into IBMX and cAMP-
supplemented G-IVF medium (Vitrolife, Sweden) where they remained for 21 hours 
before being placed in IBMX and cAMP-free G-IVF medium to mature for 5 hours 
prior to preparation of chromosome spreads.   500 
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Isolation of oocytes from preantral follicles 
Following puncture of antral follicles from excised ovaries, the remaining ovarian 
tissue was centrifuged at 1000rpm for 2 minutes.  The supernatant was discarded and 
pellet washed twice in PBS.  After the final wash the pellet was resuspended in 
0.5mg/ml collagenase and 2Units DNase in PBS and incubated at 37
o
C for 2 hours.  505 
Oocytes were manually isolated and transferred to M2 medium supplemented with 
0.044µg/ml IBMX.   
 
Preparation of mRNAs 
Capped mRNA constructs with a ???????-A-tail were made using a T3 mMESSAGE 510 
mMACHINE kit (Ambion Inc, USA) from plasmid cDNA encoding ?-Tubulin-GFP, 
histone H2-RFP (a gift from Z. Polanski), Cyclin B-GFP (a gift from M. Levasseur) 
and Securin-YFP (a gift from K. Wassmann). 
  
Oocyte microinjection 515 
Prophase-arrested oocytes were microinjected using a pressure injector (Narashige, 
Japan) on a Nikon Diaphot microscope fitted with micromanipulators.  Injection 
needles were made from borosilicate glass capillaries using a P-97 micropipette puller 
(Sutter Instruments, USA).  Oocytes were microinjected with approximately 1 pg of 
mRNA for expression of fluorophore-tagged proteins or with 1µM of siRNA. We 520 
used Sgo2 siRNA (GGATAAAGACTTCCCAGGAACTTTA) and a stealth negative 
control siRNAs (Invitrogen, CA). 
  
Timelapse imaging 
Oocytes were imaged for 14-20 hr on a Nikon Ti inverted microscope using a 525 
20x/0.75 n.a. Plan Fluor oil immersion objective using a Photometrics CoolSnapHQ 
interline cooled charge-coupled device camera (Roper Scientific Inc.).  The 
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microscope was fitted with a stage-mounted incubator (Solent, UK) to maintain an 
atmosphere of 7% CO2 at 37ºC.  For fluorescence images oocytes were illuminated by 
a Xenon bulb (Osram, Germany) using appropriate filter sets (Chroma Tech 530 
Corporation).  Bright field and fluorescence images were acquired every 20 minutes 
on 5 x 0.75 µm z-planes.  The filterwheels and focus controllers (Prior Scientific, UK) 
were driven by MetaMorph (Universal Imaging Corp) imaging software.  
Chromosome movements were tracked by selecting the plane of best focus for each 
oocyte at every time point.  Images were processed using Metamorph and Adobe 535 
Photoshop software.  
 
Preparation of chromosome spreads and immunofluorescence  
Air-dried chromosome spreads at various stages from prophase to MII were prepared 
using methanol/acetic acid fixation or by gentle fixation using parafomaldehyde to 540 
preserve chromosome-associated proteins [56]. Double-label immuno-fluorescence 
staining was carried out for Rec8 and CREST. Rec8 was detected using guinea pig 
anti-Rec8 1:100 [57] and centromeres were labeled with CREST antiserum 1:1000; 
secondary antibodies were donkey-anti-guinea pig TRITC and goat-anti-human Cy5 
(Jackson ImmunoReseach Laboratories). Immuno-fluorescence was detected by a 545 
Leica DMRXA microscope and a Hamamatsu C4880-40 CCD camera. Images were 
processed using Openlab 3.1.4.software. The Rec8:CREST ratio was calculated by 
???????????????????????????????????????????????????????????????????????????????????????
individual CREST foci. The mean fluorescence intensity was then obtained for the 
equivalent regions in the Rec8 images. The background fluorescence was subtracted 550 
before calculating the fluorescence intensity ratios.  Relative inter-kinetochore 
distances between oocytes from young and aged mice were measured from the 
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maximal distance between outer margins of the CREST signal using ImageJ or 
Metamorph software. Objectives were calibrated to obtain the conversion factor from 
pixels to micrometers. Double-label immuno-fluorescence staining was carried out for 555 
CREST and Sgo2.   
 
Sgo2 was detected using rabbit anti-Sgo2 1:50 and centromeres were labeled with 
goat-anti-CREST 1:50 (Cellon); secondary antibodies were donkey-anti-rabbit Alexa 
Fluor 488 1:800 (Invitrogen) and human-anti-goat Cy5 1:400 (Stratech Scientific 560 
Ltd). Immuno-flourescence was detected with a Nikon TE2000 inverted microscope 
and imaged using a Photometrics CoolSnapHQ interline cooled charge-coupled 
device (CCD) camera (Roper Scientific Inc.). Images were acquired using Metamorph 
software (Universal Imaging Corp).  Images were processed using ImageJ software.  
3D surface plots were created using background subtracted Sgo2 or Rec8 stained 565 
chromosome images.  The plots show color coded 3D renderings of the pixel 
fluorescence intensity information in the image. 
For analysis of MII oocytes, chromosome spreads were prepared according to the 
method described above [56] and were stained with DAPI alone of with DAPI and 
CREST antiserum and were analysed for the presence of single sister chromatids. 570 
Statistical Analysis 
Minitab was used for statistical analysis.  Means were compared using Student's t-test 
and ANOVA and were expressed as means ± s.d.  Proportions were compared using 
?????2 test; the Bonferoni correction was applied where multiple tests were performed. 
575 
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Figure Legends 
Figure 1. Chromosomal defects during oocyte maturation from germinal vesicle 
(GV) stage to polar body (PB) formation.   
Chromatin dynamics were visualized by live cell imaging of oocytes injected with 
mRNA encoding histone H2-RFP.  Images were acquired on 5 x 7.5 µm z-planes 775 
every 20 minutes for 16-18 hr. 
(A) Representative brightfield images of an oocyte during progression from prophase 
(Germinal Vesicle (GV) stage; the GV is indicated by a black arrow) to prometaphase 
(GV breakdown; GVBD) and metaphase of meiosis II (MII). The polar body (PB) of 
the MII oocyte is indicated by a white arrow.  The timeline indicates the mean interval 780 
from GVBD to polar body formation in 2 month (n=35) and 14 month (n=25) oocytes 
(see also Figure S1A and S1B). 
(B) Still images from chromosome movies showing examples of chromosomal defects 
ranging from none to severe (see also Movie S1, Figure S1C and S1D).  The top 
panels show misalignment at MI, middle panels show anaphase defects and the 785 
bottom panels show misalignment at MII.  Scale bar = 10 µm. 
(C) Frequency of chromosomal defects in oocytes from 2 and 14 month mice scored 
for misalignment at MI, anaphase I and misalignment at MII. Only those oocytes in 
which each event could be clearly visualized were included. The proportion of 
oocytes showing normal alignment at MI (P<0.05) and MII (P<0.01) was 790 
significantly higher in the 2 month group. The incidence of anaphase defects was 
significantly higher in 14 month oocytes (P<0.01).  Misalignment at MII was 
associated with loss of spindle organization (see also Movie S1 Part 5 and 6, and 
Figure S1E) and premature separation of sister chromatids (see also Figure S1F and 
S1G). 795 
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(D) Timeline showing the incidence of defects in relation to interval from GVBD to 
congression (white bar) and congression to anaphase (shaded bar).  Data are based on 
a subset of oocytes (n=12 oocytes from five 2 month mice; n=19 oocytes from seven 
14 month mice) in which chromosomes could be tracked during congression, pre-
anaphase alignment, anaphase I, and re-alignment at MII. Failed congression was 800 
observed in 1/19 oocytes from the 14 month old females (indicated by the black 
arrow) (see also Movie S1 Part 4).  Polar body retraction was observed in association 
with delayed anaphase and severe segregation defects in 4/19 oocytes from 14 month 
old mice. Note that severe anaphase defects were also observed in oocytes that 
underwent anaphase within the normal time frame.   805 
(E) Graph shows the difference in the intervals from GVBD to congression and 
anaphase in oocytes from 2 month and 14 month mice.  The interval from GVBD to 
anaphase was significantly longer in oocytes from 14 month compared with oocytes 
from 2 month mice (P<0.05).  The interval from GVBD to congression was not 
significantly different between oocytes from 2 month and 14 month mice.  The 810 
interval from congression to anaphase was significantly longer in oocytes from 14 
month compared to 2 month mice (P<0.01). 
 
Figure 2.  Chromosome-associated cohesin is reduced in oocytes of aged mice. 
(A) Representative images showing DNA, Rec8 and CREST staining of chromosome 815 
spreads prepared on paraformaldehyde-coated slides during prometaphase (GVBD + 
5-6 hr) from 2 month (n=14 oocytes from 4 mice) and 14 month (n= 9 oocytes from 6 
mice) mice. Insets show enlarged images of chromosomes at 2 month (top panel) and 
14 month (bottom panel).  Scale bar 10 µm.  The intense Rec8 staining under the 
centromere in 2 month oocytes was not detected in 14 month oocytes. 820 
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(B) Frequency distribution of Rec8:CREST fluorescence intensity ratios at the 
centromeres of 2 month (n=302 centromeres; 8 oocytes from 4 mice) and 14 month 
(n=270 centromeres; 7 oocytes from 6 mice) oocytes. The respective mean ratios were 
1.71±0.911 and 1.02±0.732 (P<0.001). 
(C) Images show the nuclei of prophase-arrested (GV stage) oocytes fixed using the 825 
same method as in (A). Representative images show DNA, Rec8 and CREST staining 
in the nuclei of a representative fully grown GV oocyte from 2 month (n=18 oocytes 
from 3 mice) and a 14 month (n=16 from 6 mice) mice.  Scale bar 10 µm.  
Representative 3D surface plots show higher Rec8 pixel fluorescence intensity in the 
2 month compared with 14 month GV oocytes.   830 
(D) Oocytes from pre-antral follicles were fixed as in (A).   Representative images 
show DNA, Rec8 and CREST staining in the nuclei of oocytes from 2 month (n=21 
from 3 mice) and 14 month (n=12 from 6 mice) mice.  Scale bar 10 µm.  
Representative 3D surface plots show higher Rec8 pixel fluorescence intensity in the 
2 month compared to 14 month oocytes.  835 
 
Figure 3.  Reduced cohesin is associated with destabilization of chiasmata and 
splitting of sister centromeres 
Chromosome spreads were prepared during prometaphase of MI (GVBD + 5-6 hr). 
(A) Representative images of spreads from 2 and 14 month oocytes.  The inset in the 840 
14 month image shows an example of distally associated homologues with no visible 
chiasma.  Scale bar = 10 µm. 
(B) Analysis of the proportions of homologues classified as having no visible 
chiasma, a single chiasma1, >1 chiasma in oocytes from 2 month (n=36 from 5 
females) and 14 month (n=18 from 7 females) mice with representative images. The 845 
 33 
analysis was based on pairs of homologues in which the number of chiasma could be 
clearly determined (n=693 from 2 month oocytes; n=292 from 14 month oocytes). 
(C) Examples ?????????????????????????????????????sister centromeres in which the 
???????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????850 
the CREST foci were well separated but sisters had not segregated.  
(D) Graph shows the proportions of centromeres in 2 month (n=360 centromeres) and 
14 month (n=293 centromeres) oocytes showing unified, adjacent and separated sister 
centromeres.  The proportion of sister centromeres showing a closely apposed unified 
structure was significantly (P<0.001) reduced in 14 month oocytes, whereas the 855 
incidence of adjacent and separated foci was significantly (P<0.001) higher. 
(E) Frequency distribution of the distance between sister centromeres as measured 
from the outer margins of CREST signals in 2 month (n=298 centromeres; 8 oocytes 
from 4 mice) and 14 month (n=268 centromeres; 7 oocytes from 6 mice) oocytes, 
showing a significantly greater mean distance in the 14 month compared with 2 860 
month oocytes (P<0.001).  Inset shows an example of the measurement performed. 
(F) Scatter plot showing a negative correlation between the inter-centromere distance 
and the Rec8:CREST fluorescence intensity ratios. 
(G) Graph shows the distance between the outer margins of CREST signals in 2 
month (n=218 centromeres; 10 oocytes from 1 mouse), 8 month (n=127 centromeres; 865 
6 oocytes from 2 mice), 11 month (n=121 centromeres; 4 oocytes from 1 mouse) and 
14 month (n=199 centromeres; 9 oocytes from 4 mice) oocytes.  The distance was 
significantly higher in the 11 and 14 month compared to the 2 and 8 month oocytes 
(P<0.001). The calibrated pixel size for the microscope objective is 66.89 nm.  
 870 
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Figure 4.  Spindle checkpoint function is not impaired in oocytes from aged mice  
(A) Brightfield timelapse images were acquired of oocytes from 2 and 14 month mice 
every 20 minutes for 16-18 hr.  Analysis showed no significant difference in the 
interval from GVBD to polar body formation in oocytes from 2 month (n=37) and 14 
month (n=16) mice. 875 
(B) Oocytes from 2 and 14 month mice were microinjected with securin-YFP mRNA.  
Fluorescence intensity measurements were obtained by timelapse imaging of oocytes 
every 20 minutes.  Representative profiles are shown of securin-YFP expression in 2 
month (n=11 from 3 mice) and 14 month (n=5 from 6 mice) oocytes.  
(C) Comparison of the mean interval from GVBD to onset of securin-YFP 880 
degradation showing no difference in the timing of onset of degradation between 2 
month (n=11) and 14 month (n=5) oocytes. 
(D) Representative timelapse fluorescence intensity measurements of oocytes from 14 
month mice injected with cyclin B1-GFP in the presence (n=7) and absence (n=4) of 
nocodazole (400 nM). Cyclin B1 is stabilized in the presence of nocodazole in aged 885 
oocytes. 
 
Figure 5. Sgo2 levels are reduced in oocytes of aged mice. 
(A) Chromosome spreads were prepared during prometaphase (GVBD + 5 hr) of 
oocytes from 2 month (n=20 from 3 mice) and 14 month (n=10 from 4 mice) mice.  890 
Immunofluorescence labeling of Sgo2 and CREST was performed.  Inset shows 
enlarged images of chromosome.  Scale bar = 10 µm.  Immunofluorescence labeling 
of Sgo2 shows reduced Sgo2 levels on chromosomes of oocytes from 14 month 
compared to 2 month mice. Sgo2 was observed on arms and at centromeres (see also 
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Figure S2A) and was largely localized to the nucleolus during prophase (see also 895 
Figure S2B).  
(B) Representative 3D surface plots showing higher Sgo2 fluorescence intensity on 
chromosomes of 2 month compared with 14 month oocytes prepared as in (A).  
(C) Chromosome spreads were prepared during prometaphase (GVBD + 5 hr) of 
oocytes from ????? null (n=20 from 3 mice) and ????? wild type/heterozygous 900 
oocytes (n=32 from 3 mice).  Immunofluorescence labeling of Sgo2 and CREST was 
performed.  Inset shows enlarged images of chromosomes.  Scale bar = 10 µm.   
(D) Representative 3D surface plots showing reduced Sgo2 fluorescence intensity on 
chromosomes of ????? null compared with wild type oocytes prepared as in (C).  
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Supplementary Figure 1.  Meiotic progression in oocytes of aged mice (related to 
Figure 1). 
Shows the characterisation of the aged mouse model and further examples of meiotic 
defects observed in 14 month oocytes. 
 
Supplementary Movie 1.  Chromosomal aberrations in oocytes of aged mice 
(related to Figure 1). 
Shows movies illustrating a range of chromosomal defects already described in Figure 
1. 
 
Supplementary Figure 2. Sgo2 localisation and antibody specificity (related to 
Figure 5). 
Shows the localisation of Sgo2 to arms and centromeres during prometaphase is not 
detected in Sgo2 siRNA injected oocytes and is not strain-specific.  Also shows the 
endogenous localisation of Sgo2 in a prometaphase oocyte. This is important in 
understanding the significance of Sgo2 depletion in aged oocytes. 
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Supplementary Figure Legends 
Supplementary Figure 1.  Meiotic progression in oocytes of aged mice (related to 
Figure 1). 
(A) The mean number of oocytes obtained per 2 month old mouse (n=25 mice; 5 
28.4±14.7) was significantly higher than that per 14 month old mouse (n=45 mice; 
12.3±8.0), P<0.001.   
(B) The proportion of oocytes from 2 month (n=57) and 14 month (n=42) old mice 
which underwent GVBD within 2 hr was not significantly different between 2 and 14 
month oocytes (65.5% vs 71.4%).  Of these, the proportion forming a polar body was 10 
significantly higher in the 14 month (83.3%) compared to the 2 month (61.4%) mice, 
P<0.05. 
(C) Chromatin dynamics were visualized by live cell imaging of oocytes injected with 
mRNA encoding histone H2-RFP.  Images were acquired on 5 x 7.5 µm z-planes 
every 20 minutes for 16-18 hr. Representative montage showing normal congression, 15 
alignment at MI, segregation at anaphase and realignment at MII in an oocyte (n=16) 
from a 2 month mouse.  White outline indicates images showing congression.  
Enlarged images show late anaphase (purple outline) and MII (yellow outline) 
chromosomes.  Scale bar = 20 µm. 
(D) Representative montage of an oocyte (n=21) from a 14 month mouse showing 20 
alignment at MI but severe chromatin bridges at anaphase I and chromosome 
misalignment at MII (imaged as in (C)).  White outline indicates images showing 
congression.  Enlarged images show early anaphase (green outline), late anaphase 
(purple outline) and MII (yellow outline) chromosomes.  Scale bar = 20 µm. 
Supplemental Data
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(E) Chromatin and spindle dynamics were visualized by live cell imaging of oocytes 25 
co-injected with mRNA encoding histone H2-RFP and ??Tubulin-GFP (imaged as in 
(C)).  Selected frames show the meiotic spindle in late prometaphase (2 hr before 
anaphase I) and at 5 hr and 8 hr after anaphase of MI in 2 month (n=6, top panel) and 
14 month (n=5, bottom panel) oocytes.  The MII spindle of oocytes from 14 month 
mice became progressively more unstable and the chromosomes were frequently 30 
scattered along the length of the spindle (Movie S1 Parts 5 and 6). Scale bar = 20 µm. 
(F) Z-stack images of MII chromosomes taken at the end of the timelapse experiments 
(GVBD + 17-20 hr) in a representative oocyte from a 14 month mouse expressing 
histone H2-RFP.  The images were acqu???????????????-steps from the top to the 
bottom of the spindle.  Single sister chromatids indicated by the white arrows were 35 
present at MII in oocytes of aged mice.  Scale bar = 6 µm.   
(G) Chromosome spreads labeled with CREST (red) and DAPI (grey) of a 
representative MII oocyte from a 2 month mouse showing 20 intact dyads, and a 14 
month mouse showing an extra single chromatid indicated by the white arrow.  Single 
sisters were present in 13/14 MII spreads analyzed from 14 month oocytes compared 40 
with 0/8 for 2 month old oocytes.  Scale bar = 10 µm.  
 
Supplementary Movie 1.  Chromosomal aberrations in oocytes of aged mice 
(related to Figure 1). 
Chromatin dynamics were visualized by live cell imaging of oocytes injected with 45 
mRNA encoding histone H2-RFP alone, or co-injected with histone H2-RFP and ?-
Tubulin-GFP.  Images were acquired on 5 x 7.5 µm z-planes every 20 minutes for 16-
18 hr.  Frame rate = 6 frames/second.  Scale bar = 20 µm.   
 3 
Part 1) Movie showing an example of no chromosomal aberrations in an oocyte from 
a 2 month old mouse. 50 
Part 2) Movie showing an example of a lagging chromosome which was classified as 
a mild anaphase defect followed by misalignment of chromosomes at MII in an 
oocyte from a 14 month old mouse.  
Part 3) Movie showing an example of normal congression, alignment and migration 
but a severe anaphase defect and severe misalignment at MII in an oocyte from a 14 55 
month mouse. 
Part 4) Movie showing an example of failed congression, severe anaphase bridging 
and severe misalignment at MII in an oocyte from a 14 month old mouse.  
Part 5) Movie showing an example of normal spindle organization during MII in an 
oocyte from a 2 month old mouse. 60 
Part 6) Movie showing an example of progressive loss of spindle organization at MII 
in an oocyte from a 14 month old mouse. 
Part 7) Movie showing an example of spindle stability during prolonged MI arrest in 
an oocyte from a 14 month old mouse. 
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Supplementary Figure 2. Sgo2 localization and antibody specificity (related to 
Figure 5). 
(A) Localization of Sgo2 to arms and centromeres during prometaphase is not 
detected in Sgo2 siRNA injected oocytes and is not strain-specific.  Oocytes from the 
CD1 mouse strain were injected with negative control siRNA (n=4) or Sgo2 siRNA 70 
(n=5) and chromosome spreads were prepared 3 hr after GVBD. Immunofluorescence 
labeling shows Sgo2 is localized to the centromeres and chromosome arms in control 
oocytes but is not detected in oocytes injected with Sgo2 siRNA. Scale bar = 10µm 
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(B) Image showing the nucleus of a representative prophase-arrested (GV stage) 
oocyte (n= 20) from a 2 month C57BL/Icrfa
t
 mouse prepared on a parafomaldehyde 75 
coated slide and stained for DNA, Sgo2 and CREST.  Sgo2 is localized pre-
dominantly to the nucleolus and does not appear to localize strongly to the 
chromosomes. Scale bar = 10 µm. 
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